This study examined the influence of low, adequate and high dietary zinc intake on the growth and metabolic interactions between zinc, copper and iron in different Mongolian gerbil (Meriones unguiculatus) tissues. Animals were fed a basal diet (for 3 wk) containing a low-zinc level (8 mg/ kg diet, lz-group), adequate zinc level (25 mg/kg diet, Az-group) and saturated zinc level (38 mg/ kg diet, Sz-group). After comparing the body weight of gerbils, the present study demonstrated that the lz-group (51.68 g ± 3.35) showed growth retardation, contrary to the Az-and Sz-groups (58.03 g ± 2.18 and 62.35 g ± 2.04, respectively). Concentrations of zinc in the liver, kidneys and testes in the 19.58, 22.55 mg/kg, respectively) were significantly lower than in the Az-group (57.27, 23.73, 28.79 mg/kg, respectively) and the Sz-group (73.06, 30.07, 34.52 mg/kg, respectively). results also showed that copper and iron concentrations in the kidney, heart and liver were significantly higher in the LZ-group (Cu 11.45, 7.01, 7.95 mg/kg; Fe 116.19, 126.07, 299.47 mg/kg) than in the AZ-group (Cu 8.72, 5.6, 6.5 mg/kg; Fe 97.27, 97.27, 250.25 mg/kg) and the SZ-group (Cu 6.48, 4.15, 4.8 mg/kg; Fe 74.95, 77.95, 200.27 mg/kg). There was an increase of testis copper concentration in the lz-group (4.9 mg/kg) compared to the Az-and SZ-groups (3.99 and 3.05 mg/kg, respectively), and there was no significant difference in testis iron concentration between animals in different diet groups. these results showed that a low-zinc diet had negative effects on growth and the concentration of zinc in the kidneys, liver and testes. this also affected homeostasis of copper and iron by increasing its distribution in the kidneys, liver and heart tissue. However, in testes only copper concentration was increased.
zinc is the most abundant intracellular trace element required for a number of cellular processes, including cell proliferation, reproduction, immune function and defence against free radicals. It is a constituent of more than 300 metalloenzymes (Valle and Falchuk 1993) . Insufficient dietary intake of zinc causes the appearance of pathogenic features including growth retardation, dermal lesions, immunodeficiency, male and female infertility and neurosensory disorders (Cerovic et al. 2006) . As a result, supplements containing zinc are used worldwide. Furthermore, excessive dietary intake of zinc can interact with other minerals and leads to imbalance of the micronutrient status. it has been recognized that zinc metabolism interacts with the metabolism of copper and iron (Reeves 1998; Linder 1996; Davidson et al. 1995) . Earlier results showed that copper and iron absorption were depressed in animals and humans when they were chronically fed diets with high concentrations of zinc (reeves et al. 1998) .
this study was designed to assess the long-term effects of low, adequate and high dietary zinc intake on metabolic interactions between zinc, copper and iron in different Mongolian gerbil tissues, as well as their effect on growth. growth was chosen as a representative indicator of the zinc functional status in these animals.
Materials and Methods
Animals and treatment thirty male Mongolian gerbils (weight 55 -60 g, 9 -10 weeks old) were used in this study. the gerbils were randomly assigned to the following three groups (10 animals each): low zinc group (lz) fed a diet containing 8 mg of zinc/kg, saturated zinc group (Sz) fed a diet containing 38 mg of zinc/kg, and adequate zinc group (Az) fed an adequate zinc diet containing 25 mg of zinc/kg. the basal diet was based on noh and koo with egg-white as the protein source (noh et al. 2001) according to the recommendations of the American institute of nutrition. the vitamins and mineral mixes were adjusted to the amount required for this species (Benevenga et al. 1995) . the basal diet is adequate to support growth and weight gain in animals. in order to prepare low-, adequate-and high-zinc diets, zinc sulphate was added to the basal diet. gerbils were given food and deionized water ad libitum throughout the 3-week experimental period. Body weight was recorded at the beginning of the experiment and then weekly during the experimental period. There were no significant differences in initial weight among the groups. on the 20 th day the feed was removed from all the gerbils at 20:00 h (drinking water was still available). In order to avoid any possible rhythmic influence of dietary zinc on the metabolic status of trace elements, the animals were sacrificed precisely between 08.30 and 09.00 h after 12-hour overnight fasting. Collected organs (liver, kidneys, heart and testes) were rinsed in deionized water, weighed and stored at -80 °C until analyzed. the relative organ weights were calculated.
this study was performed in adherence to the iSo 10993-2 Animal Welfare requirements for the use of experimental animals, with permission of the ethics Committee of the Military Medical Academy.
zinc, copper and iron analysis
Weighed amounts of tissue were digested with 65% Hno 3 (Merck) and 32% H 2 o 2 under pressure in Teflon TFM vessels in the microwave digestion system (Milestone ETHNOS PLUS labstation with HPR-1000/10S high pressure segmented rotor). After complete digestion, the clear solution was allowed to cool and transferred to a marc flask. Zinc, copper and iron were determined by flame atomic absorption spectrometry technique (FAAS). zinc, copper and iron concentrations were measured at 213.9 nm, 324.7 nm and 248.3 nm, respectively. the analysis was done on a gBC 932 plus atomic absorption spectrometer using the Photron multi-element lamp. the metal concentrations were expressed in mg per kg of tissue.
Statistical analysis
Data are expressed as the mean  SD and statistical significance of differences between groups were determined by one-and two-way AnovA.
Results
Body weight and relative organ weight table 1A shows the changes in the body weight of gerbils throughout the 3 wk of dietary treatment. The gerbils in all groups grew during the first week of treatment without any significant differences between them. In the second week of treatment, the SZ-group significantly gained weight compared to the LZ-(p < 0.05) and Az-groups (p < 0.01). the strongest effect of different concentrations of dietary zinc on body weight changes could be seen in the third week when gerbils in the lz-group lost weight contrary to gerbils in the Az-(p < 0.01) and Sz-groups (p < 0.001) that continued to gain weight. the changes in relative weights of the kidneys, heart, liver and testes of male gerbils during the treatment are presented in table 1B. the present data indicate an increase in the relative weight of kidneys and liver of gerbils fed a lz-diet compared to animals fed Az-and Sz-diets (p < 0.001), and a decrease in the relative weight of testes in animals fed zinc concentration in the kidney, heart, liver and testicular tissue Zinc concentrations in the kidney, heart, liver and testis samples are shown in Fig. 1 . Kidney, liver and testes concentrations of zinc were significantly decreased in male gerbils that were fed a lz-diet. Hence, zinc concentrations in the kidneys, liver and testes of gerbils fed a lz-diet were decreased by 17.5%, 27.9% and 21.7%, respectively, compared with gerbils fed an Az-diet. on the other hand, the diet supplemented with zinc produced a significant increase in the zinc concentration in kidney, liver and testis tissue when compared to animals fed an Az-diet. the largest percentage of increase in the zinc concentrations was in the liver (27.6%), then in the kidneys (26.8%) and the lowest increase was in the testes (19.9%) (Fig. 1 ). There were no significant differences in heart zinc concentrations among gerbils fed lz-, Az-and Sz-diets.
Copper concentration in kidney, heart, liver and testicular tissue Fig. 1 shows copper concentrations in kidney, heart, liver and testes samples. kidney, heart, liver and testes concentrations of copper were significantly increased in male gerbils that were fed a lzdiet, whereas the concentration of copper was significantly decreased in animals fed a Sz-diet. the largest percentage of increase in the copper concentrations of gerbils fed a lz-diet compared to animals fed an Az-diet was in iron concentration in kidney, heart, liver and testicular tissue Concentrations of iron were also determined in kidney, heart, liver and testes samples. our data showed that the lz-diet produced an increase in the iron concentration in kidney, heart and liver tissues, as opposed to the SZ-diet which decreased it (Fig. 1) . The percentage of increase in the iron concentrations in the kidneys, heart and liver of gerbils fed a lzdiet were 19.46%, 29.6% and 19.67%, respectively, while the percentage of decrease in the kidneys, heart and liver of gerbils treated with a Sz-diet were 22.94%, 19.86% and 19.97%, respectively. There were no significant differences in testicular iron concentrations between animals in different diet groups.
Discussion
this study was performed on young growing mail gerbils (Meriones unguiculatus) whose initial body weight was without significant differences. The effect of dietary zinc on the body weight found in this report was consistent with earlier reports showing growth failure in gerbils fed a lz-diet, contrary to the groups of gerbils fed Az-and Sz-diets (Cerovic et al. 2006) . these results might be explained by the fact that growth is regulated mainly by the growth hormone (GH) and insulin-like growth factor-I (IGF-I) that are correlated with dietary zinc (MacDonald 2000; Cerovic et al. 2007 ). An earlier report demonstrated that zinc deficiency caused failure of GH secretion from the pituitary gland in rats (MacDonald 2000) . Additionally, reduced food intake that occurred within 4 -5 d of feeding with a zincdepleted diet resulted also in growth impairment. that was caused by reduction of protein intake that led to diminishing IGF-I production in the liver (MacDonald 2000) .
the present data indicate a gradual decrease in the relative weight of kidneys and liver in gerbils fed lz-, Az-and Sz-diets, respectively, as well as an unchanging relative heart weight. This tendency is consistent with other reports (Sakai et al. 2004 ). This finding contradicts the actual increase in the body weight found in gerbils fed a Sz-diet when compared to animals fed other types of diet. the organism as a whole as well as the visceral organs (liver, kidneys) become hypertrophic in response to GH and IGF-I. However, epiphyseal cartilage, growth plates of the long bone and skeletal muscle are the main target of these hormones (genuth 1993). therefore, it is possible that the growth of the bone and skeletal muscle that represent the largest proportion of the body weight were more expressed than the growth of the visceral organs, such as the kidneys and liver. We concluded that a LZ-diet caused a decreased secretion of GH and IGF-I, thus causing a slower increase in the body weight. At the same time, GH could have less influence on kidney and liver so that it may seem that their relative mass increased.
the effect of dietary zinc on the relative weight of testis found in the present study was consistent with earlier reports (Martin et al. 1994) , showing retardation of testis development in gerbils fed a lz-diet. it is the result of histological changes, including an increase in the interstitial region in the testes of animals with insufficient dietary zinc intake (Martin et al. 1994) .
Our data showed that animals fed a LZ-diet had significantly lower concentrations of zinc in the kidney, liver and testis tissues. Similar results were reported by other authors (tapiero et al. 2003; Sakai et al. 2004) . Previous data showed that the homeostatic mechanism was sufficient to maintain the whole body zinc content during a small change in the zinc intake by changing absorption and excretion (Tapiero et al. 2003; King et al. 2000) . The results also showed that the whole body zinc content was changed by an extremely low or high dietary zinc intake. In severe zinc deficiency the loss was not uniform across all tissues. zinc concentration remained constant in the hair, skin, heart and skeletal muscle, whereas plasma, liver, bone and testis zinc concentration dropped significantly (Tapiero et al. 2003) . the data also showed that the highest amount of zinc was in the bone, then in the testes, liver, kidneys and skeletal muscle and less in the plasma of male rats (House et al. 1997) , although compartmental analysis of zinc kinetics reported that plasma zinc exchanged rapidly with zinc in the liver, then in the bone, skeletal muscle, skin, kidneys, and less rapidly in the testes (House et al. 1997) . Based on these observations we could conclude that the significant decrease in the zinc concentration in the liver, kidneys, and testes of gerbils fed a lz-diet could be the result of the following: (1) increased absorption of zinc due to an insufficient dietary intake; (2) decreased primary faecal zinc excretion; (3) rapid exhaustion of the main body pool of zinc, such as the liver, bone and skeletal muscle; (4) slow exhaustion of zinc from the kidneys and testes.
As seen in Fig. 1 , the renal zinc concentration decreased in animals fed a LZ-diet. This is consistent with the finding that initiation of a very low zinc intake caused a decline in urinary zinc (king et al. 2000) . therefore, it is possible that the amount of zinc decreased in kidney tissue.
zinc was suggested to play a key role in mammalian spermatogenesis and growth of testes. A study performed on rats reported that low dietary zinc decreased serum and testicular levels of testosterone (Martin et al. 1994) . it can be concluded that interstitial cells in testes produce less testosterone in animals fed a lz-diet. our results demonstrated that a lz-diet caused low zinc content in the testes. these results support the fact that zinc plays a key role in testosterone production and spermatogenesis.
the data also showed that severe zinc depletion caused a 50% decrease in the amount of zinc per ejaculum with a lower amount of zinc also occurring in testicular tissue (king et al. 2000) . This was consistent with the previous finding that low dietary zinc resulted in low testosterone which plays a key role in spermatogenesis. this impairment can be reversed by zinc supplementation as shown by our results, i.e. zinc supplementation resulted in testis growth.
The findings that the gerbils fed a SZ-diet had a decreased copper concentration in the kidneys, heart, liver and testes compared to the gerbils fed Az-and lC-diets were similar to previous reports (reeves et al. 1998) . the mechanism has not been completely explored, but it appears that it involves an interaction between zinc and copper at the intestinal level (reeves et al. 1998) . the primary site for copper-zinc interaction is intestinal mucosa with metallothionein (Mt). this protein (Mt) plays a key role in metal-related homeostasis due to the high affinity for zinc and copper (Tapiero et al. 2003) . One study showed that a high dietary zinc intake induced the production of mucosal Mt (reeves et al. 1998) . A high concentration of Mt binds copper and prevents its absorption in the body (linder 1996) . However, another study demonstrated that Mt is not absolutely necessary for the induction of a low copper status in mice fed a high zinc diet (reeves et al. 1998) . the authors suggested that the mechanism may lie in the modulation or inhibition of a Cu-transporting P-AtPase, which transfers copper across the basolateral membrane of mucosal cells into the blood.
All the absorbed copper that entered in blood, went to the liver, kidneys (the main storage area of copper), and other visceral organs (linder 1996) . the effect of high dietary zinc on the concentration of copper in the heart was consistent with other reports that showed that perfusion with zinc also resulted in a significant increase in the excretion of copper from the heart (Tapiero et al. 2003; Zaslavsky et al. 2002) . Furthermore, even moderate copper deficiency in rats reduced the activity of cytochrome c oxidase in heart tissue (linder 1996) . it is a copper-containing enzyme that is the component in the electron transport chain of oxidative phosphorylation and plays a key role in energy supply (linder 1996) .
In addition, sperm motility and seminal emission are reduced with copper deficiency, probably due to a decrease in cytochrome c oxidase and less AtP availability (Morisawa et al. 1972) . Thus, significantly decreased copper concentration in the testes of gerbils fed a Sz-diet could be the result of a decreasing absorption of copper and a decreasing copper excretion by seminal emission, which is regulated by homeostatic mechanisms.
As presented in Fig.1 , low zinc dietary intake increased the iron concentration in the kidneys, heart and liver when compared to the gerbils fed a diet with adequate or sufficient zinc. it has been recognized that iron metabolism interacts with the metabolism of zinc and copper, which might be explained by a competitive absorption between iron and zinc (troost et al. 2003) . they competitively bind for the transport protein DMt1 (formerly called DCt1 or nramp2), which is located at the apical membrane in the small intestine (troost et al. 2003 ). An in vitro study also clearly documented the inhibitory effect of zinc on Caco-2 cells iron uptake by another mechanism different from DMt1 (glahn et al. 2002) . Absorbed iron was transported by plasma into the liver and bone marrow, which served as the main reservoir of this element (Yip et al. 1996) . this might explain the high zinc concentration in the liver of animals fed a lz-diet compared to the animals fed the Az-or Sz-diet. Previous data showed that high dietary iron intake caused an increased loss of iron through the faeces, bile, and urine regulated by homeostatic mechanism (Yip et al. 1996) . Furthermore, a high amount of iron in the kidneys was expected in animals fed a lz-diet compared to the animals fed an Az-or Sz-diet. our results also showed decreased iron in the heart of animals fed a Sz-diet compared to the animals fed an Az-or lzdiet. It might be explained by the fact that myoglobin was decreased in iron deficient rats (Yip et al. 1996) . this implies not a direct, but physiological regulation of zinc and iron concentrations in tissues, depending on the role of each element in physiological processes. Significant differences in testis iron concentration among animals fed LZ-, AZ-and SZdiets were not found. this could suggest that in relation to various concentrations of a dietary zinc intake, testis present no changeable pool of iron.
the present results showed that the low zinc diet had negative effects on growth, and the kidney, liver, and testis distribution of zinc. zinc also affected homeostasis of copper and iron by changing the distribution of these metals in the kidney, liver and heart tissue, whereas in the testes zinc influenced only copper homeostasis. Supplementation of zinc could be beneficial for growth, but attention must be paid to its metabolic interactions with other trace elements, particularly copper and iron that are also present in food.
Vliv nízkých, fyziologických a vysokých dávek zinku v potravě na metabolické interakce zinku, mědi a železa v různých tkáních pískomila mongolského
Autoři zkoumali vliv nízkých, fyziologických a vysokých dávek zinku v potravě na růst a metabolické interakce mezi zinkem, mědí a železem v různých tkáních pískomila mongolského (Meriones unguiculatus). Zvířata byla 3 týdny krmena základní dietou obsahující nízké dávky zinku (8 mg·kg -1 potravy, skupina LZ), fyziologickou dávku zinku (25 mg·kg -1 potravy, skupina AZ) a vysokou dávkou zinku (38 mg·kg -1 potravy, skupina Sz). Po srovnání hmotností pískomilů se ukázalo, že skupina LZ (51,68g ± 3,35) zaostávala v růstu ve srovnání se skupinami AZ a SZ (58,03g ± 2,18; 62,35g ± 2,04).
Koncentrace zinku v játrech, ledvinách a varlatech (41,28; 19,58; 22,55 mg·kg -1 ) byly u skupiny LZ podstatně nižší než u skupiny AZ (57,27; 23,73; 28,79 mg·kg -1 ) a SZ (73,06; 30,07; 34,52 mg·kg -1 ). Výsledky také ukázaly, že koncentrace mědi a železa v ledvinách, srdci a játrech byly podstatně vyšší u skupiny LZ (Cu 11, 45; 7, 01; 7, 95 Výsledky studie prokázaly, že nízký obsah zinku v potravě ovlivňuje negativně růst a obsah zinku v ledvinách, játrech a varlatech. Byl tak ovlivněn i metabolismus mědi a železa jejich zvýšeným ukládáním v tkáni ledvin, jater a srdce. Ve varlatech byla však zvýšená pouze koncentrace mědi.
